A mass spectrometric method has been delineated for the identification of the epoxide functionalities in unknown monofunctional analytes. This method utilizes gas-phase ion/ molecule reactions of protonated analytes with neutral trimethyl borate (TMB) followed by collision-activated dissociation (CAD) in an ion trapping mass spectrometer (tested for a Fouriertransform ion cyclotron resonance and a linear quadrupole ion trap). The ion/molecule reaction involves proton transfer from the protonated analyte to TMB, followed by addition of the analyte to TMB and elimination of methanol. Based on literature, this reaction allows the general identification of oxygen-containing analytes. Vinyl and phenyl epoxides can be differentiated from other oxygen-containing analytes, including other epoxides, based on the loss of a second methanol molecule upon CAD of the addition/methanol elimination product. The only other analytes found to undergo this elimination are some amides but they also lose O=B-R (R=group bound to carbonyl), which allows their identification. On the other hand, other epoxides can be differentiated from vinyl and phenyl epoxides and from other monofunctional analytes based on the loss of (CH 3 O) 2 BOH or formation of protonated (CH 3 O) 2 BOH upon CAD of the addition/ methanol elimination product. For propylene oxide and 2,3-dimethyloxirane, the (CH 3 O) 2 BOH fragment is more basic than the hydrocarbon fragment, and the diagnostic ion (CH 3 O) 2 BOH 2 + is formed. These reactions involve opening of the epoxide ring. The only other analytes found to undergo (CH 3 O) 2 BOH elimination are carboxylic acids, but they can be differentiated from the rest based on several published ion/molecule reaction methods. Similar results were obtained in the Fourier-transform ion cyclotron resonance and linear quadrupole ion trap mass spectrometer.
Introduction
A nalytical methods that allow the rapid and accurate identification of oxygen-containing functionalities in unknown mixture components are important for many fields, including the development of biofuels [1, 2] . For example, lignin degradation products intended for conversion to biofuels require molecular level characterization before the best conversion method can be identified. Since removal of many oxygen-containing functionalities is needed to enhance the fuel's enthalpy, decrease viscosity, and stabilize the fuel [2] , identification of oxygen-functionalities is of particular interest. Techniques that are currently used for these sorts of analyses include NMR, FT-IR, and X-ray crystallography [3, 4] . These techniques are powerful but time-consuming, and often require large quantities of pure samples. Furthermore, they only yield information for the bulk when mixtures are analyzed. A method that allows the molecular-level characterization of complex mixtures is desirable.
Tandem mass spectrometry (MS/MS) is a technique well suited for obtaining structural information on unknown mixture components because it is fast, sensitive, does not require pure compounds, consumes a minimal amount of sample, and, most importantly, can provide a wealth of structural information [5, 6] . MS/MS experiments typically involve protonation of all mixture components and isolation of each protonated analyte, one after the other, followed by their characterization by using collision-activated dissociation (CAD) [7, 8] . While powerful, this approach usually cannot be employed to unambiguously identify specific functional groups in unknown analytes. This is especially true for epoxides since protonated epoxides can rearrange to their more stable carbonyl isomers upon activation [9] .
MS/MS experiments utilizing gas-phase ion/molecule reactions have been developed and used for the identification of functional groups in unknown analytes [10] [11] [12] [13] [14] [15] . A variety of reagents can be used to probe different structural features. Furthermore, these experiments can be combined with CAD to provide additional structural information [10] . An example of such an approach includes the identification of phosphonium ions based on ion/molecule reactions with neutral epoxides or thioepoxides followed by CAD [16] .
Most past work has focused on gas-phase ion/molecule reactions of neutral analytes with ionic reagents [17] [18] [19] . Fewer studies have explored the use of neutral reagents to identify functionalities in protonated analytes [10, [20] [21] [22] [23] [24] . However, this approach is needed for mixtures evaporated and ionized by the widely used electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and matrix-assisted laser desorption/ionization (MALDI) methods. Previous research has demonstrated that ion/molecule reactions of protonated oxygen-containing analytes with trimethyl borate (TMB), followed by CAD, allow the identification and counting of different oxygen-containing functionalities, including hydroxyl, ether, ester, and amido groups [17, 20, 22, 25, 26] . The reaction sequence diagnostic for an oxygen-containing functionality involves proton transfer from the protonated analyte to TMB, followed by addition of the analyte to the boron atom in TMB and (stepwise or concerted) elimination of methanol (Scheme 1). This reaction sequence leads to the derivatization of oxygen-containing functional groups of the analytes by the boron reagent. These products are easy to identify due to the isotope ratio of boron (25% 10 B relative to 11 B) . Examination of the derivatized analytes by CAD or H/D exchange allows for the identification of their functionalities.
This study focuses on the distinction of protonated epoxides from other monofunctional oxygen-containing analytes by using ion/molecule reactions followed by CAD in a Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometer and a commercially available linear quadruple ion trap (LQIT) mass spectrometer that has been modified to allow the introduction of neutral reagents into the ion trap via an external mixing manifold [27] . The results demonstrate that CAD of the addition/methanol elimination products of protonated epoxides formed upon reaction with TMB not only allows distinction of epoxides from other analytes, but vinyl and phenyl epoxides can also be differentiated from other epoxides.
Experimental
The experiments were performed by using both an Extrel model FTMS 2001 FT-ICR mass spectrometer with a 3 Tesla superconducting magnet and a Thermo Scientific linear quadrupole ion trap (LQIT). Both instruments are described below.
FT-ICR
The FT-ICR contains a dual cell consisting of two differentially pumped, identical cubic 2-in cells separated by a conductance limit plate. The conductance limit plate has a 2-mm hole in the center for the transfer of ions from one side into the other. The conductance limit plate and the two end trapping plates were maintained at +2.0 V unless otherwise specified.
Volatile samples were introduced into one cell region of the FT-ICR by using a Varian variable leak valve or a Thermo Scientific batch inlet system equipped with a variable leak valve. The analytes were ionized by electron bombardment and protonated by self-chemical ionization (self-CI). This was accomplished by allowing the molecular ions and the ionic fragments generated upon electron ionization (EI) (25-70 eV, 7 μA, 0.1-1.0 s) of the analyte to react with the neutral analyte molecules for a certain Torr, as measured by an ion gauge. All the ions on the other side of the dual cell were removed prior to ion transfer by changing the remote trapping plate voltage from +1.5 V to −10 V for 15 ms. Protonated analytes were transferred into the other cell by grounding the conductance limit plate (75-130 μs). Transferred ions were cooled for a period of 1 s by allowing IR emission and collisions with Ar pulsed into the cell (peak pressure in cell was about 10 -5 Torr) [28] . The desired protonated analyte molecules were isolated by using a storedwaveform inverse Fourier transform [29, 30] (SWIFT) excitation pulse to eject all unwanted ions, and allowed to react with neutral TMB for a variable period of time (from 3 to 200 s). The nominal pressure of TMB in the cell was between 1.7×10 -8 and 4.6×10 -8 Torr. Reaction products were further studied by isolating them and subjecting them to sustained off-resonance irradiated collision-activated dissociation (SORI-CAD) [31] . This experiment was carried out by subjecting the desired ions for 300 ms to an excitation rf-voltage pulse with an amplitude between 0.5 and 2.0 V while they underwent collisions with Ar (pulsed into the cell at peak pressure of about 10 -5 Torr). The experiments utilized off-resonance excitation of the isolated ions at a frequency ±1000 Hz off their cyclotron frequency. For detection, all ions were kinetically excited by a frequency chirp with a bandwidth of 4 MHz, amplitude of 25.0 V b-p and a sweep rate of 3200 Hz/μs; 64 k data points were recorded for each spectrum, and all spectra obtained are averages of at least 12 scans.
For each reaction time, a background spectrum was recorded by removing the ions of interest by SWIFT ejection prior to ion/molecule reaction or SORI-CAD. All the spectra were background corrected by subtracting a background spectrum from the reaction spectrum, as described previously [20] [21] [22] [23] .
During each ion/molecule reaction, TMB was present at a constant pressure, and in great excess relative to the ions of interest. Therefore, these reactions follow pseudo-first order kinetics. The reaction efficiencies (Eff. = k reaction /k collision ; the fraction of ion/molecule collisions that result in the formation of products) were determined by measuring each ion/molecule reaction's (IM) rate and the rate of the highly exothermic proton transfer reaction (PT) between protonated methanol and the neutral reagent (both measurements were carried out in the same day). Assuming that this exothermic proton transfer reaction proceeds at the collision rate (k collision ), the efficiencies of the ion/molecule reactions can be derived using Equation (1) is the mass of methanol, P n(IM) is the pressure of the neutral reagent during the ion/molecule reaction, and P n(PT) is the pressure of the neutral reagent during the proton transfer reaction. The efficiencies were only determined in the FT-ICR due to the LQIT's low mass cut-off, which makes it impossible to examine the reaction of protonated methanol with TMB.
LQIT LQIT experiments were performed by using a Thermo Scientific LTQ linear quadruple ion trap equipped (LQIT) with an APCI source. Sample solutions were prepared at analyte concentrations ranging from 0.01 to 1 mg/mL (10
to 10 -3 M) in a 50/50 (vol/vol) solution of H 2 O and CH 3 OH. An integrated syringe drive directly infused the solutions into the APCI source at a rate of 10-20 μL/min. In the APCI source (operated in positive ion mode), the vaporizer and capillary temperatures were set at 450°C and 200°C, respectively. The sheath gas (N 2 ) flow was maintained at about 10 arbitrary units. The voltages for the ion optics were optimized for each analyte by using the tune feature of the LTQ Tune Plus interface. The detection scan range was from m/z 50 to 500.
A manifold like the one used here to allow the introduction of neutral reagents into the helium buffer gas line was first described by Gronert [32, 33] . A diagram of the exact manifold used in this research was published by Habicht et al. [27] . TMB was introduced into the manifold via a syringe pump maintained at 20 μL/h. A known amount of He (100-500 mL/min) was used to dilute TMB. The syringe port and surrounding area were heated to~70°C to ensure evaporation of TMB. Before entering the trap, the He/reagent mixture was split using two Granville-Phillips leak valves, instead of the standard flow splitter. This allowed a better control over the concentration of the mixture introduced into the instrument. One leak valve was set to establish a helium pressure of~3 mTorr in the ion trap by allowing~2 mL/min of the mixture into the trap [34] while the other leak valve controlled the amount of flow diverted to waste. A typical pressure of TMB in the trap during the experiments ranged from 10 -8 to 10 -7 Torr, as given by P(He)[flow(TMB)/flow(He)][(MW(TMB)/MW (He)) 1/2 ] [33] . P(He) is the nominal helium buffer gas pressure in the ion trap, flow(TMB) is the molar flow rate of TMB, flow (He) is the molar flow rate of helium, MW (TMB) is the molecular weight of TMB, and MW(He) is the molecular weight of helium [33] . After the experiments were completed each day, the manifold was isolated from the instrument and placed under vacuum to remove any remaining reagent. Xcalibur 2.0 (Thermo Scientific) software was used for data acquisition and processing. The advanced scan feature was used to isolate the analyte ions by using a m/z window of 3-4 Th and a q value of 0.25. After isolation, the ions were allowed to react with TMB from one ms up to 10 s (or until the reaction was compete) before all ions were ejected from the trap and detected. In the CAD experiments, the product ions were isolated by using a m/z window of 3-4 units and kinetically excited by applying appropriate voltages to the trap (generally to achieve 10%-30 % of the "normalized collision energy", as defined by the LTQ Tune Plus interface). The default activation time of 30 ms was used in all CAD experiments. All mass spectra shown are an average of at least 20 scans.
Chemicals
All chemicals were purchased from Sigma-Aldrich and used without further purification.
Results and Discussion
Ethyl vinyl ether was first tested for the general identification of epoxide functionalities since it was known to react with protonated cyclohexene oxide to form a diagnostic addition product in the gas phase [9] . Unfortunately, ethyl vinyl ether can also form an addition product with many protonated conjugated dienes. Further examination of several epoxides revealed that ethyl vinyl ether does not form an addition product with all protonated epoxides.
After above experiments, another reagent, TMB, was examined. This reagent is known to deprotonate protonated oxygen functionalities (but not, for example, nitrogen functionalities), followed by addition of the analyte to the boron center and elimination of methanol (Table 1) , without causing rearrangement of the analyte [17, 18, 22, 25, 26] . Upon SORI-CAD, the methanol elimination products have been reported to yield structurally characteristic fragment ions for many oxygencontaining analytes (Table 1) [22, 35] . The same was 
Results Obtained Using FT-ICR
The results obtained by examining the reactions of several protonated epoxides with TMB in a FT-ICR mass spectrometer are summarized in Table 2 . As expected, all protonated epoxides were found to react with TMB exclusively by addition/methanol elimination ( Table 2 ; Figure 1 ). When the product ions were subjected to SORI-CAD, various fragmentation pathways were observed (Table 2) . However, only the product ions formed from vinyl and phenyl epoxides underwent methanol elimination. Based on this elimination, vinyl and phenyl epoxides can be differentiated from other epoxides, including unsaturated ones. It must be noted here that the addition/methanol elimination products of some amides also undergo elimination of CH 3 OH upon SORI-CAD in FT-ICR (Table 1 ) [22, 35] just like vinyl and phenyl epoxides. However, they also undergo elimination of O=B-R (R=H, CH 3 and C 2 H 5 for formamide, acetamide, and propionamide, respectively), which allows the differentiation of amides from vinyl and phenyl epoxides. Hence, these results show that vinyl and phenyl epoxides can be distinguished from all other monofunctional analytes studied thus far. Some bifunctional analytes, however, show methanol elimination upon SORI-CAD of their addition/methanol elimination products [22] . Determination of the analytes' elemental compositions helps resolve this issue. A possible mechanism for the elimination of the second methanol molecule from protonated vinyl and phenyl epoxides is shown in Scheme 2. The mechanism is supported by several pieces of evidence. First, the relative proton affinities [36] (PA) of TMB (195 kcal/mol), epoxides (from 185 for ethyleneoxide up to 203 kcal/mol for cyclohexeneoxide), and benzene (179 kcal/mol) strongly suggest that a facile proton transfer is the first reaction to take place. The solvation energy released upon formation of the reactant complex in a gas-phase collision is typically between 5 and 10 kcal/mol, thus allowing proton transfers that are endothermic by 5-10 kcal/mol. The second step, addition of the neutral epoxide to the boron atom, is supported by vast literature evidence that this commonly occurs for other oxygen-containing molecules, and is followed by elimination of methanol [17, 18, 22, 25, 26] . The observation of elimination of methanol as well as ethylene oxide from the addition/methanol elimination product of protonated phenyl oxirane indicates that not only the epoxide oxygen but also the aromatic ring can act as the nucleophile in the addition reaction. The epoxide ring is not likely to open during this addition reaction since some of the addition/methanol elimination products of the epoxides fragment via the loss of the intact epoxide upon CAD (Tables 2 and 3 ). However, the following CAD event must lead to ring-opening since a second methanol molecule cannot be eliminated without a transfer of a proton to an oxygen atom bound to boron. The most likely proton to be transferred is the most acidic one, bound to the saturated carbon atom adjacent to the positively charged carbon atom, as indicated in Scheme 2. After this proton transfer occurs via a five-membered transition state, nucleophilic addition of the carbon-carbon double bond to the boron center is suggested, as nucleophilic addition to boron is known to induce elimination of methanol from protonated trimethyl borate. Support for the structure of the final product is obtained from CAD. For example, loss of CH 3 OBH 2 and CH 3 OB=O was observed (Scheme 3). The mechanism shown in Scheme 2 likely applies also to aromatic epoxides, and in this case involves the loss of aromaticity in the last step. However, a highly resonance stabilized cation is formed as the final production.
Other epoxides can be identified based on either the elimination of (CH 3 O) 2 BOH or formation of protonated Table 2 ). The proposed mechanism (Scheme 4a) is supported by the same observations that support the mechanism shown in Scheme 2, with the exception of the last proton transfer step. There are two possibilities here: a 1,4-proton transfer to a methoxy oxygen from the cyclopentane carbon bound to the oxygen (that may lead to elimination of methanol and formation of a borenium ion) and a 1,4-proton transfer to the epoxide oxygen as shown in Scheme 4a (that may lead to elimination of (CH 3 O) 2 BOH or formation of protonated (CH 3 O) 2 BOH). The proton transfer to the methoxy oxygen (Scheme 2) is sterically hindered for cyclohexene and -pentene oxides (Scheme 4a). Indeed, only the products from the other transfer are observed (Tables 2 and 3 ). For protonated propylene oxide and 2,3-dimethyloxirane, both proton transfers appear feasible. However, no methanol elimination was observed. Hence, the closeness of the (former) epoxide oxygen to a methyl group in these epoxides immediately after the epoxide ring-opening must lead to fast proton transfer (TS 2, Scheme 4b) before the molecule has time to rotate and form the other transition state (Scheme 2). These epoxides yield protonated (CH 3 O) 2 BOH (m/z 91) as the final fragment ion, which indicates that the hydrocarbon fragments (propene and 2-butene) are less basic than (CH 3 O) 2 BOH for these small epoxides.
The only other analytes whose addition/methanol elimination products have been found [22] to fragment by elimination of (CH 3 O) 2 BOH are carboxylic acids (for a possible mechanism, see Scheme 5), but they can be differentiated from all other monofunctional oxygencontaining analytes by various other ion/molecule reactionbased approaches [20, 27] .
The efficiencies of all the ion/molecule reactions studied here were measured by using a method described previously [17, 18, [20] [21] [22] [23] . They were found to be high. For example, protonated 2,3-dimethyloxirane reacts with TMB at an efficiency of 72%, protonated phenyloxirane at 63%, protonated cyclohexene oxide at 32%, and protonated propylene oxide at 74%. These efficiencies suggest that these ion/molecule reactions are fast enough for practical applications.
Result Obtained Using LQIT
In order to explore the applicability of the above analytical method to other mass spectrometers, it was implemented to a LQIT. In this instrument, the epoxides were protonated in an atmospheric pressure chemical ionization (APCI) source, while protonation was carried out by chemical ionization in vacuum in the FT-ICR. Protonated epoxides were transferred from the APCI source into the trap where they were allowed to react with TMB. The same addition/methanol Figure 1 ) were observed as in the FT-ICR, as well as a few additional minor products not seen in the FT-ICR. An especially noteworthy reaction is the elimination of dimethyl ether from all epoxides except one, since this reaction has not been observed for any other analytes. Hence, this reaction provides further support for a preliminary identification of an epoxide functionality.
When the addition/methanol elimination product ions were subjected to CAD, those of vinyl and phenyl epoxides eliminated methanol, and those of the other epoxides either eliminated (CH 3 O) 2 BOH or formed protonated (CH 3 O) 2- (Table 3) , just like in the FT-ICR. Based on literature [37] , methanol elimination also occurs for aromatic ketones in LQIT but they also eliminate O=BOCH 3 and O=BOCH 3 +CH 2 O, and hence can be distinguished from vinyl and phenyl epoxides. Further, elimination of (CH 3 O) 2 BOH has been reported [37] in LQIT for the addition/methanol elimination product of cyclic ethers. Hence, the observation of not only methanol but also dimethyl ether elimination upon the ion/molecule reactions of protonated epoxides with TMB is important since it allows the differentiation of these analytes.
Conclusions
Gas-phase ion/molecule reactions of protonated epoxides with TMB, followed by CAD, have been demonstrated to facilitate the identification of the epoxide functionalities in different ion trap mass spectrometers. Protonated analytes with oxygencontaining functionalities react with TMB by addition/methanol elimination in both FT-ICR and LQIT ion trap mass spectrometers. Upon SORI-CAD (FT-ICR) or CAD (LQIT), the product ions derived from vinyl and phenyl epoxides yield a fragment ion via elimination of a methanol molecule, which allows for the differentiation of these epoxides from other epoxides and other oxygen-containing functionalities. Product ions derived from some amides were earlier found [21] to undergo elimination of methanol upon SORI-CAD. However, these ions also undergo elimination of O=BR (R=H, CH 3 and C 2 H 5 for formamide, acetamide and propionamide, respectively), which allows the differentiation of amides from vinyl and phenyl epoxides. Other epoxides can be differentiated from vinyl and phenyl epoxides and other oxygen-containing molecules based on the loss of (CH 3 O) 2 BOH or formation of protonated (CH 3 O) 2 BOH upon CAD of the addition/methanol elimination product formed upon reaction with TMB. The only other analytes found to fragment via loss of (CH 3 O) 2 BOH are carboxylic acids, which can be differentiated from all other analytes by literature methods [20, 27] .
